Abstract BACKGROUND AND OBJECTIVE: Aurora A, as a member of serine/threonine kinase family and a common characteristic of epithelial cancers, plays a critical role in cell mitosis. However, the clinical significance of Aurora A in non-small cell lung cancer (NSCLC) remains undetermined. METHODS: The expression of Aurora A in NSCLC and paired normal adjacent lung tissues was determined by immunohistochemistry, Western blot, and reverse transcriptase polymerase chain reaction. Receiver operating characteristic (ROC) curve analysis was employed to determine a cutoff score for Aurora A expression in a training set (n = 135). For validation, the ROC-derived cutoff score was subjected to analysis of the association of Aurora A expression with patient outcome and clinicopathological characteristics in a testing set (n = 128) and overall patients (n = 263). The correlation of Aurora A with cisplatin resistance and epithelial-mesenchymal transition (EMT) was examined in vitro in NSCLC cells by overexpression or knockdown of Aurora A. RESULTS: Aurora A expression was significantly upregulated in tumor tissues compared with paired normal tissues (P b .01). The expression of Aurora A was closely associated with clinical stage, lymph node metastasis, and recurrence and was an independent prognostic parameter in multivariate analysis. High level of Aurora A expression predicted poorer overall survival and disease-free survival in NSCLC patients treated with cisplatin-based adjuvant chemotherapy. In vitro data showed that overexpression or knockdown of Aurora A resulted in increased or decreased cellular resistance to cisplatin. Furthermore, inhibition of Aurora A reversed the EMT process. CONCLUSIONS: Aurora A was identified as an inferior prognostic and cisplatin-resistant biomarker in NSCLC patients, which provided potential evidences for therapeutic target and reversing drug resistance.
Introduction
Lung cancer is the leading cause of cancer-related deaths [1, 2] . Nonsmall cell lung cancer (NSCLC) accounts for 80% to 85% of lung cancers [3] . Most of the patients are diagnosed with advanced-stage disease, and the average 5-year survival rate remains dismal [4] . Multiple genetic abnormalities, including tumor suppressor genes, oncogenes, cell adhesion molecules, cell-cycle regulators, and growth factors, are responsible for the development and progression of NSCLC [5] . Molecular epidemiological studies have provided evidence that multiple genetic alterations make risk assessment of lung cancer patients more accurate. Aberrant proliferation of NSCLC is frequently associated with mutational activation of receptor tyrosine kinases signaling including genes encoding transmembrane receptor tyrosine kinases (ALK [6] , EGFR [6, 7] , ROS1 [8] ) or intracellular signaling proteins such as KRAS [9] or its effectors A-B-or C-RAF [10] or PIK3CA [11] . BRAF is estimated to be mutated in~2% of NSCLCs, 25% of which express the BRAF T1799A oncogene encoding the BRAF V600E oncoprotein kinase [12, 13] . However, like many cancers, mutational activation of proto-oncogenes such as ERBB1, KRAS, or BRAF is generally accompanied by silencing of tumor suppressor genes such as TP53, CDKN2A, or PTEN that cooperatively serve to promote the stepwise malignant transformation of normal lung epithelial cells to malignant lung cancer cells [13] . Although much is known about the causal factors, clinical features, and pathogenesis of NSCLC, the molecular marker that has major clinical prognostic predictive value remains substantially limited. Thus, it is of great clinical value to further identify more valuable prognostic biomarkers.
Mitosis is a hallmark of epithelial cancers, raising the possibility that regulators of relative kinases have a role in tumorigenesis. The Aurora kinases play a key role in mitosis [14] ; in particular, Aurora kinase A (Aurora A) is involved in various mitotic events, such as centrosome function and maturation, spindle assembly, chromosome alignment, and mitotic entry [14, 15] . In cells, Aurora A expression and kinase activity are increased during late G2 to M phase, and its subcellular localization dynamically changes during the cell cycle [16] . Overexpression or amplification of Aurora A has been noted across a range of different tumor types, such as colon, breast, bladder, ovarian, and pancreatic cancers, and is linked with tumor progression and poor prognosis [17] [18] [19] . Furthermore, previous studies showed that overexpression of Aurora A increases migration and leads to resistance to chemotherapeutics [20, 21] . Inhibition of Aurora A resulted in abnormal spindle formation, mitotic defects, and cell death, which serves as a promising target in cancer therapy, and several small-molecule inhibitors for Aurora A kinase are currently being investigated within clinical trials [22] [23] [24] . Thus, inhibition of Aurora kinase A is a rational target for anticancer treatment.
The aim of the present study was to investigate the expression of Aurora A in NSCLC specimens and determine its correlation with clinical characteristics. The current results showed that Aurora A, as detected by immunohistochemistry, was significantly higher in NSCLC tissues compared with the adjacent normal tissues and closely associated with tumor recurrence rate. High expression of Aurora A predicted an inferior overall survival (OS) and disease-free survival (DFS) in NSCLC patients treated with cisplatin-based adjuvant chemotherapy. Moreover, multivariate analysis revealed that Aurora A was an independent prognostic factor for NSCLC.
Methods

Patients
A total of 283 primary NSCLC patients were initially recruited in our study. All patients underwent initial surgical resection from March 2003 to January 2013. We further screened patients using a strict eligibility criteria protocol as follows: microscopically pathologically confirmed NSCLC, without any distant metastatic diseases, no prior chemotherapy or radiation therapy history, and having over 5-year follow-up period. Smoking history was based on records at patients' first clinic visit, and having smoked more than 100 cigarettes in a lifetime was used to define smokers. Performance status was evaluated using the Eastern Cooperative Oncology Group criteria. Ultimately, 20 patients with loss of follow-up were not included in the present study, leading to 263 NSCLC patients subjected to further clinical and survival analysis.
Of the 263 NSCLC patients (median age, 48.0 years; range, 20-72 years), those with positive lymph node metastasis were treated with four to six cycles of cisplatin + vinorelbine adjuvant chemotherapies after surgical resection, whereas patients with negative lymph node metastasis did not receive adjuvant chemotherapies. No adjuvant radiotherapy was administered to any of the patients after surgery. The cohort of 263 NSCLC patients was then randomly divided into training set (n = 135) and testing set (n = 128) by computer (SPSS 17.0 software). The histological and stage types were determined according to the classification of NSCLC by the World Health Organization and International Union Against Cancer Tumor-Node-Metastasis staging system. This study was approved by the ethics committee and Institutional Review Board of Beijing Cancer Hospital.
Tissue Microarray Construction
The tissue microarrays (TMAs) were constructed according to a method described previously [25] . Briefly, two representative core tissue biopsies (0.6 mm in diameter) were punched from represented NSCLC tissues and one cylinder with the same diameter from adjacent normal lung tissues. Multiple sections (5 μm thick) were cut from the TMA blocks and mounted on the microscope slides.
Immunohistochemical Analysis
In brief, after deparaffinization, rehydration, antigen retrieval, and blocking, the TMA slides were incubated overnight at 4°C with a polyclonal antibody against human Aurora A (1:500; Cell Signaling Technology, No. 12100) in a moist chamber. Then slides were incubated in corresponding secondary antibody at room temperature for 30 minutes. Specimens were visualized through staining with 3,3-diaminobenzidine. Finally, the sections were counterstained with hematoxylin, dehydrated, and mounted. Negative controls were obtained by replacing the Aurora A antibody with a normal murine IgG. Known immunostaining-positive slides were used as positive controls.
Staining Evaluation
The brown granules in both nucleus and cytoplasm of Aurora A were considered as positive staining. The staining intensity was graded as follows: negative (score 0), bordering (score 1), weak (score 2), moderate (score 3), and strong (score 4). In addition, the staining extent was also graded into five levels according to the percentage of cells with elevated Aurora A staining, including negative (score 0), 0% to 25% (score 1), 26% to 50% (score 2), 51% to 75% (score 3), and 76% to 100% (score 4). Aurora A staining was assessed by two pathologists who were unaware of any clinical details related to the patients. The assessment was congruent in 87% (229 identical scores in 263 cases) of the cases, suggesting a highly reproducible scoring system. Discrepant cases were reviewed for a second time. The value was selected until both pathologists agreed with the result.
Selection of a Cutoff Score for Aurora A Expression
The receiver operating characteristic (ROC) curve analysis was subjected to the selection of Aurora A cutoff score for analysis of OS and DFS in the training set, as described previously [26] . ROC curve analysis has been shown to be reproducible to evaluate immunohistochemistry protein expression and to select biologically or clinically a relevant cutoff score with maximum sensitivity and specificity. ROC curve analysis was facilitated by dichotomizing the features of patients' outcome into survival [death versus others (censored, alive, or death from other causes)] and progression (local failure or distant metastasis).
Follow-Up
All patients had follow-up records of over 5 years. After the completion of therapy, patients were observed at 3-month intervals during the first 3 years and at 6-month intervals thereafter. OS was defined as the time from the tumor resection to the date of death or when censored at the latest date if patients were still alive; DFS was defined as the time from the tumor resection to the date of disease relapse/ progression or the date of death or when censored at the latest date.
Cell Lines and Cell Culture
The human lung adenocarcinoma cell lines H1299, A549, SK-MES, A427, H2170, H358, and H23 were obtained from Peking University Cancer Hospital. Cell lines were cultured in respective culture supplemented with 10% fetal bovine serum at 37°C in humidified 5% CO 2 incubator.
Transient Transfection
A549 cells were transfected with an empty vector or FLAG-Aurora A. The negative control siRNA and siRNA against Aurora A (5′-AUGCC-CUGUCUUACUGUCA-3′) were synthesized by GenePharma Company (Shanghai) for H23 cells to reduce the expression of Aurora A.
Western Blot and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) Analysis
Cells or tissues were ground and lysed with the RIPA buffer on ice before being subjected to protein gel blot analysis. The protein concentration was detected by the Bradford method. Equal amounts of cell and tissue extract were subjected to electrophoresis in sodium dodecyl sulfate polyacrylamide gel and transferred to nitrocellulose membrane for antibody blotting. The membrane was then blocked and incubated with mouse anti-β-actin antibody, rabbit anti-Aurora A antibody (1:1000, Cell Signaling Technology, No. 12100), and EMT Antibody Sampler Kit (1:1000, Cell Signaling Technology, No. 9782T). RT-PCR by a real-time PCR system (Applied Biosystems, Foster City, CA) was described previously [27] .
ATPlite Cell Proliferation Assay
The stable cells were pooled and seeded into 96-well plates with 2000 cells per well in triplicate, along with the vector control cells. After 24-hour incubation, cells were treated with DMSO control or cisplatin (2.5, 5, 10 μM) for 48 hours and then subjected to ATPlite cell proliferation assay (Perkin-Elmer).
Statistical Analysis
ROC analysis was used to get an optimal cutoff score of Aurora A expression for survival analysis in the training set (n = 135). For validation, the relationship between Aurora A expression and OS and DFS was evaluated in the testing set (n = 128) and the overall patient cohort (n = 263). Relationship between Aurora A expression and clinicopathological variables was analyzed by the χ 2 test or Fisher's exact test. Kaplan-Meier analysis was employed to evaluate the relationship between Aurora A expression and OS and DFS. Differences in survival probabilities between patient subsets were assessed by the log-rank tests. The multivariate Cox proportional-hazards model was utilized to estimate the hazard ratios and 95% confidence intervals (CIs) for patient outcome. All P values quoted were two sided, and P b .05 was considered statistically significant. Statistical analysis was performed using SPSS v. 17.0 (SPSS, Inc., Chicago, IL). 
Results
Patient Characteristics
Aurora A Expression in NSCLC and Adjacent Normal Tissues
Immunohistochemistry was employed to examine the protein expression of Aurora A in primary NSCLC specimens and adjacent normal tissues. Aurora A staining was located in both nucleus and cytoplasm, predominantly in nucleus. Moreover, Aurora A was overexpressed in the NSCLC (Figure 1 , A and A'), whereas normal paired adjacent tissues showed nearly negative expression ( Figure 1, B and B' ).
Consistent with immunohistochemistry results, Western blot analysis revealed a similar finding in NSCLC and normal lung tissues (Figure 2A ). For the RT-PCR results, we also observed that Aurora A overexpressed in NSCLC tissues, whereas it expressed negatively in normal lung tissues ( Figure 2B ).
Cutoff Score for Aurora A "Positive" Expression
To further assess survival analysis and avoid the problems of multiple cutoff point selection, ROC curve analysis was employed to determine a cutoff score for Aurora A expression in the training set. As shown in Figure 3 , A and B, the Aurora A cutoff score for OS and DFS in the training set (n = 135) was 3.8 (P b .001) and 3.5 (P b .001), respectively. Thus, a score of 4 (N4 vs ≤4) for Aurora A expression was selected as the uniform cutoff point to distinguish NSCLC patients as having high or low expression.
Aurora A Expression and Clinical Features
The clinical features including age, gender, smoking history, CEA level, initial clinical stage, histology, differentiation, tumor stage, lymph node metastasis, recurrence, and Aurora A expression were summarized in Table 2 . The ROC-derived Aurora A cutoff score of 4 derived from the training set successfully segregated the testing set into two subgroups. In brief, patients with a cutoff score N4 are In addition, Aurora A expression also positively correlated with the initial tumor stage (P b .001). High expression of Aurora A was associated with metastatic spread to the lymph nodes (P b .001). Aurora A level also correlated with differentiation (P = .012) in the testing set. Furthermore, correlation analysis demonstrated that Aurora A expression was positively correlated with tumor recurrence in both sets (P b .001 in the training set and P b .001 in the testing set). We could not show any correlation between Aurora A expression and other patient characteristics including age, gender, smoking history, etc.
Aurora A Expression and Survival Analysis: Univariate Survival Analysis
As shown in Figure 4 , Kaplan-Meier analysis showed that high expression of Aurora A strongly predicted an inferior OS and DFS in overall patients (P b .001 for OS and P = .002 for DFS, Figure 4 , A and B). In the overall patient cohort, the median duration of overall survival for patients with high and low expression of Aurora A was 24.6 versus 78.8 months, respectively. Also, elevated expression of Aurora A predicted an inferior DFS with the median duration of DFS of 13. 
Multivariate Cox Regression Analysis
To avoid the influence caused by univariate analysis, the expression of Aurora A as well as other parameters was examined in multivariate Cox analysis (Tables 3 and 4 ). In the testing set, Aurora A was found to be a significant independent prognostic factor for poor OS (hazard ratio, 4.221; 95% CI, 2.493-6.920; P b .001; Table 3 ) and DFS (hazard ratio, 3.892; 95% CI, 1.027-5.237; P b .001; Table 3 ). Similar results were also observed in overall patients (hazard ratio, 4.271; 95% CI, 2.541-5.684; P b .001 for OS and hazard ratio, 3.789; 95% CI, 2.007-4.487; P b .001 for DFS; Table 4 ). Of other parameters, CEA and smoking history were found to be an independent prognostic factor for patient survival in the testing set and in overall patients.
Overexpression of Aurora A Increases Resistance and Epithelial-Mesenchymal Transition (EMT)
We sought to explore the association between Aurora A expression and cisplatin resistance in vitro. Aurora A expression was different in multiple human lung cancer cell lines, with low expression in A549 cell line and high expression in H23 cells ( Figure 6A ). Thus, FLAG-Aurora A markedly increased the Aurora A expression in A549 cells, and siRNA knockdown of Aurora A caused the decreased expression in H23 ( Figure 6B ). The ectopic expression of Aurora A induced A549 cells resistant to cisplatin. However, knockdown of Aurora A could significantly sensitize H23 cells to cisplatin-induced growth suppression ( Figure 6B ). On the other hand, Aurora A was found to mediate EMT by detecting some related proteins, as evidenced by decreased levels of E-cadherin (E-cad) and increased levels of Snail and Slug ( Figure 6C ). Taken together, these results indicated that Aurora A induced cisplatin resistance and EMT process.
Discussion
Although treatment for NSCLC has improved in recent years with the development of targeted drugs for patients with amenable mutations, only a small proportion of patients have these mutations, and most tumors become resistant to targeted treatment [28] [29] [30] . Thus, more novel molecular markers that can identify tumor progression and predict the prognosis individually are still urgently needed. In the present study, we evaluated Aurora A expression in NSCLC, showing that, at both transcript and protein levels, Aurora A expression was significantly upregulated in NSCLC tumor samples compared with matched lung normal tissue. Furthermore, Aurora A overexpression was associated with poor survival in NSCLC patients. Aurora A overexpression decreased the sensitivity of lung cancer cells to cisplatin and induced EMT in vitro.
Genetic amplification and mRNA and protein overexpression of Aurora kinase A are implicated in the genesis of various neoplasms, which are significantly associated with aneuploidy, high tumor grade, Aurora A cutoff point for DFS in the training set. At each immunohistochemical score, the sensitivity and specificity for the outcome being studied were plotted, thus generating an ROC curve. Aurora A cutoff score for OS and DFS was 3.8 and 3.5, respectively.
increased invasiveness, and poor prognosis [18, 31, 32] . Activation of the Aurora A kinase regulates cellular biological processes like centrosome maturation, entry into mitosis, formation and function of the bipolar spindle, and cytokinesis [16] . There are overwhelming evidences which report overexpression and gene amplification of Aurora A in several human cancers and suggest that Aurora A could be a bona fide oncogene involved in tumorigenesis. For instance, aberrant Aurora A mRNA and protein are common in various malignant tumors including breast [33] , colon [34] , ovarian [31] , and pancreatic [18] cancers, indicating that it is important for tumor formation or progression. Also, Aurora A increases migration and leads to resistance to chemotherapeutic drugs [20, 35] . Furthermore, numerous substrates of Aurora A kinase have been identified, which are predominantly related to cell cycle progression, whereas some of them are transcription factors. Aurora A-mediated phosphorylation can either directly or indirectly regulate the function of its substrates [36] [37] [38] . These properties have led Aurora A to be considered a high-value target for development of cancer therapeutics, with multiple agents currently in early-phase clinical trials [22, 39] . Alisertib is an investigational, oral, selective inhibitor of Aurora kinase A. In xenograft models, this agent showed potent inhibition of Aurora kinase A and high antitumor activity across a range of tumor types [40] . Also, it is currently undergoing evaluation in a phase I/II trial in various nonhematological and hematological malignant diseases [23, [41] [42] [43] .
In this study, to develop an objective Aurora A cutoff score for survival analysis, we used the ROC curve analysis to generate a cutoff score in the training set. Aurora A expression, which was classified as high and low level by the ROC-derived cutoff score, was mainly found to be higher in more advanced tumor stages, indicating that Aurora A might be involved in NSCLC progression. Correlation analysis further demonstrated that high Aurora A expression was associated with clinical stage and tumor invasion in NSCLC. Furthermore, in the testing set and overall patients, high Aurora A expression predicted a significant OS and DFS disadvantage over the low-Aurora A expression subgroup. Importantly, worse prognostic impact of increased Aurora A expression was demonstrated in patients with stage III and IV tumors, indicating that Aurora A might be a novel factor for risk definition in NSCLC. In addition, multivariate analyses in the testing set and overall patients revealed that Aurora A expression was an independent prognostic parameter. Taken together, our findings in this study provided evidence that overexpression of Aurora A in NSCLC might facilitate an increased malignant and worse prognostic phenotype of this tumor, which was consistent with the previous studies.
As for the underlying mechanism of Aurora A involved in chemoresistance, recurrence, and metastasis, it remains complicated and varies in various types of human cancers. Inhibition of Aurora A Figure 5 . Kaplan-Meier survival analysis of Aurora A expression in subsets of NSCLC patients with stage I, II, and III disease (log-rank test). Probability of (A) OS and (B) DFS of patients with stage I NSCLC in the overall patients: low expression, n = 67; high expression, n = 27. Probability of (C) OS and (D) DFS of stage II patients with NSCLC in the overall patients: low expression, n = 39; high expression, n = 30. Probability of (E) OS and (F) DFS of patients with stage III NSCLC in the overall patients: low expression, n = 29; high expression, n = 71.
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in cells expressing mutant JAK2 abolishes the resistance to cisplatin [44] and enhances cisplatin-induced cell death in esophageal carcinoma cells [39, 45] . It has been reported that Aurora A induces cisplatin chemoresistance by inhibition of p53, leading to downregulation of PTEN and activation of Akt in human ovarian cancer cells [46] . Some studies show that Aurora A promotes chemotherapeutic drug resistance via a NF-κB signaling pathway in p53 knockdown lung cancer cells [47] . EMT is a malignant cancer phenotype characterized by aggressive invasion and metastasis, and resistance. Metastatic tumors are invariably more resistant to the chemotherapy compared with primary tumors as evidenced by the marked decrease of chemotherapy response rate [48, 49] . Furthermore, recent studies have shown a relation between cisplatin resistance and the EMT phenotype [50] . Resistance to cisplatin was observed in cell lines undergoing EMT [50] . In our study, we found that Aurora A-related cisplatin resistance may be conferred by increasing of EMT. Thus, therapeutic combinations using EMT signaling inhibitors may reverse the resistance of some types of cancer to chemotherapy. In summary, our results provide a basis for the concept that increased expression of Aurora A in human NSCLC may be important in the tumor progression and serves as an independent biomarker for poor survival. Thus, overexpression of Aurora A identifies patients at high risk and is a novel therapeutic molecular target for NSCLC. Also, our data suggest that increased expression of Aurora A is related to cisplatin resistance. Consequently, inhibition of Aurora A kinase may be a promising regimen to overcome recurrence, metastasis, and resistance in NSCLC patients. Figure 6 . (A) Protein levels of Aurora A in multiple lung cancer cell lines. Cell lysates were prepared from indicated cell lines, followed by Western blotting with equal amount protein loaded, using indicated antibodies. (B) Overexpression of Aurora A induced cisplatin resistance in lung cancers, whereas Aurora A knockdown sensitizes lung cancer cells to cisplatin-induced apoptosis. (C) Overexpression of Aurora A contributed to increased Snail and Slug with decreasing E-cad, which indicated EMT process. However, knockdown of Aurora A upregulated E-cad but downregulated Snail and Slug, which inhibited EMT process.
